ABSTRACT
INTRODUCTION
In the last years, the stainless steel (SS) (AISI 304 [UNS S30400] (1) ) racks of the nuclear power plant pools are being replaced by borated SS racks to increase their storage capacity, as borated SS have a greater neutron-absorption capacity (the higher the boron concentration, the higher the capacity for neutron absorption). 1 With the new borated austenitic SS, these racks can store between 1.4 times 2 and three times more neutrons. 3 Austenitic SS with a high boron concentration are specified in the ASTM A887-89 standard. 4 Although different researchers have studied the behavior of this material to corrosion, little work has been done on pitting corrosion. Pitting corrosion is a type of localized corrosion where cavities are formed in the passive metal. The diameter of these cavities is normally small, but considerably deep. This kind of corrosion limits the safety and reliability of many alloys because of the speed at which the metallic sections can be perforated, and the difficulty of detecting them. Apart from their small size, pits are normally hidden under corrosion products. Austenitic SS are highly resistant to pitting corrosion in different environments; however, many cases of microbiologically influenced corrosion (MIC) have been reported. 5 Moreover, different types of microorgan-isms in highly radioactive environments have been shown to survive, grow, and colonize materials. 6 The susceptibility to pitting corrosion and MIC by adding different alloy elements to SS has been the subject of much research. Nowadays, higher resistance to pitting corrosion by adding Cr, Mo, or Ni to commercial SS is well known, but the influence of added boron has been studied less. By varying the concentration of those elements, different kinds of SS are produced, which are characterized mainly by their microstructure. It also has been discovered that by using refined boride particles, the resistance to general corrosion is improved. 7 Ibars, et al., 8 and Moreno, et al., 9 studied and established the relationship between pitting corrosion, MIC, and intergranular corrosion in sensitized SS. Sensitization heat treatment does not benefit the austenitic SS in any way and is used only to test the susceptibility of the material to intergranular corrosion. It consists in maintaining the steel at a temperature between 450°C and 800°C long enough to produce the precipitation of chromium carbide. Robinson and Scurr 10 and Ogawa and Azuma 11 studied the intergranular corrosion of borated SS and discovered that they have a greater resistance to intergranular corrosion in a sensitized state, as boron delays the formation of the carbide net. Moreover, carbides precipitate in high-strain energy sites at the grain boundary. If the boron has moved these highenergy sites, the carbide precipitation will be delayed.
In this paper, the microstructure of a boronstrengthened SS and its behavior to pitting corrosion in two heat treatment states are analyzed.
EXPERIMENTAL PROCEDURES

Materials and Heat Treatment
The alloy used was supplied in the form of a 300-by-45-by-3.5-mm plate. The chemical composition of the material was obtained by different methods. P, Si, Mn, Cr, Ni, and Mo were determined by atomic emission spectrometry. C and S were determined by high-temperature combustion. B was determined by atomic absorption spectrometry. Rectangular specimens of 13 by 10 by 3.5 mm were prepared for electrochemical tests.
One of the specimens was submitted to a sensitization treatment. The sensitization process was carried out leaving the specimen at 675°C for 1 h.
Microanalytical characterization of particles and matrix was done using a scanning electron microscope (SEM) equipped with a microanalyzer and a program to acquire, process, and quantify the analytical data. To complete the study and to verify the distribution of the analyzed elements, a mapping and a line profile were done for each test specimen. Boron in particles and matrix was determined by wavelength-dispersive spectroscopy (WDS-SEM).
The austenitic grain size was measured according to the ASTM E112-96e1 standard. 12 
Microstructural Characterization
The metallographic study was first carried out using an optical microscope and an energy-dispersive x-ray SEM (EDX-SEM) with both secondary electron and backscattering electron detectors. The samples in the as-received and sensitized states were prepared by two methods. The first method submitted them to an electrolytic etching with a 10% oxalic acid (C 2 H 2 O 4 ·2H 2 O) solution, according to the technique described in Practice A of ASTM A262-01 standard. 13 The second method submitted them to a chemical etching for 30 s to room temperature, using a 10-g ferric chloride (FeCl 3 ), 30 mL of 35% hydrochloric acid (HCl), and 100 mL of 96% ethanol (C 2 H 5 OH) solution.
For the microstructural analysis, a 200-kV transmission electron microscope (TEM), equipped with an EDX, was used. To observe the test specimens through TEM, it was necessary to get to a 3-mm-diameter and a 100-µ m-thickness disc. To obtain these discs, a disc-cutting machine cut the specimen in 1-mm-thick sheets, and afterward, an ultrasonic cutting machine cut these sheets in 3-mmdiameter specimens. After several grinding and polishing procedures, the said discs were obtained. To observe a specimen through TEM, it was necessary to make it transparent to the electron beam, and for this reason, it was necessary to perforate it and look through the hole edges with this kind of material. To be able to do this, a reduction in the center of both faces of the specimen was done leaving a central thickness of 30 microns to 40 microns. This specimen was introduced in an ionic slimming machine where argon ionic bombardment extracts the material until the hole appears.
Pitting Corrosion Behavior
Preparation of the Working Electrodes -Test specimens required careful preparation, as the usual problem presented when studying pitting corrosion via electrochemical methods is that a crevice corrosion also can appear. The edges of the specimen must be rounded to eliminate any sharpness that can induce a crack in the plastic once it is mounted. Test specimens were embedded (mounting press) in a hard thermosetting epoxy resin that allows the specimens to fit well at the edges, thus avoiding a crevice corrosion. The exposed area was 0.3 cm 2 . This mounting procedure was carried out after the specimens were passivated with 25% nitric acid (HNO 3 ) (in weight) for 25 min at 50°C. The passivating procedure decontaminated the surface completely and uniformly, so that when it was exposed to atmospheric oxygen, a passive layer was formed giving the material the maximum resistance to corrosion. 14 Grinding of the specimen was carried out with 800-grade emery paper by wet rotation (100, 240, 600, and 800). It then was washed for 30 s in an ultrasonic bath, and after rinsing with distilled water was assembled in the working electrode holder.
Electrolytes Preparation -Two different types of electrolytes were used, Electrolyte A and Electrolyte B. Electrolyte A, recommended by ASTM G61-86 standard, 15 3.56% sodium chloride (NaCl) in weight, was prepared by dissolving 34 g of NaCl in 920 mL of distilled water, as 900 mL are consumed in every test. It was deaerated with high-purity nitrogen (99.9992%) for at least 90 min, stirring the solution continuously. The deaeration of the medium was discontinued when the test started, and the stirring was stopped when the cathodic cleaning was completed. Electrolyte A was supplemented by a concentration of 10 -1 M sodium sulfide (Na 2 S) to obtain Electrolyte B. This electrolyte should not be deaerated, although it was stirred during cathodic cleaning. The addition of sulfides to the chloride solution is expected to form a thick passive layer of sulfides that can be broken down, making it easier for a more aggressive anion, such as chloride, to etch. The result is a nucleation of pits on austenitic SS. 16 Polarization Curves and Pitting Potentials -For electrochemical tests, a potentiostat-galvanostat and a calomel reference electrode (SCE), with a potassium nitrate (KNO 3 ) salt bridge, were used. The test equipment fulfills the specifications stipulated in the ASTM G5-94 standard. 17 Before the tests, cathodic cleaning of the working electrode at -1.3 V SCE for 90 s was carried out to electroreduce the oxides on the surface. The working electrode was immersed in the cell once the application of the potential had been initiated by the potentiostat. When the cathodic cleaning was finished, the potentiostat read the open-circuit potential of the specimen, beginning the anodic scan a rate of 10 mV/min; this initial potential was around -900 mV SCE . The tests were performed at a temperature of 30°C and were halted when the current density reached 0.5 mA/cm 2 . The pitting potential (E p ) of each material was obtained from anodic polarization curves. After each experiment, specimens were analyzed through an optical microscope. The tests were considered valid if the pits were distributed evenly on the surface of the specimen. If the pits were only at the edges (crevice corrosion), the specimen was invalid. A SEM was used for the more detailed analyses. To observe the specimens through a SEM, they were polished lightly with diamond paste and then cleaned in an ultrasonic bath for 2 min, so as to remove the sulfide layer created during the test. All the tests were carried out in triplicate.
RESULTS AND DISCUSSION
Microstructural Characterization
According to the chemical composition obtained (Table 1) , this alloy corresponds to the UNS S30466 (Type 304B6) of the ASTM A887-89 standard. 4 The structure of the borated SS specimens was first observed through a SEM in an as-received state and a sensitized state ( Figure 1 ). Afterward, the structures were observed with an electrolytic etching ( Figure 2 ). Usually, this test is intended in the solubilized austenitic SS to observe the step structure at the grain boundaries and in the sensitized austenitic SS to dissolve the chromiumdepleted zones surrounding the carbides at the grain boundaries. 8 In the borated SS used, the grain boundaries were not observed. Finally, the test specimens were observed after the chemical etching ( Figure 3 ). In these figures, a large amount of particles can be observed on an austenitic matrix almost equiaxial. The particles have an extended form that follows the rolling direction.
The results of the analysis carried out by an EDX-SEM and by a WDS-SEM are presented in Table  2 . It can be observed that the boron is found mostly in the particles. Also, twice as much Cr is found in the particles compared to Fe. In the matrix, where there is barely any boron, the predominant element is Fe, followed by Cr and Ni. The proportion of Cr to Fe in the matrix is 1 to 4. As a result, it can be seen that the particles are composed of Cr, Fe, and B. No significant difference can be observed between both states that were studied.
With regard to the test specimens submitted to Practice A, 13 in all the cases, the matrix encircling the chromium boride particles are severely etched by the electrolytic etching ( Figure 2 ). It seems that the bulk of the matrix is not etched and no grain boundaries are observed, unlike what occurs with standard AISI 304 SS. 9 This also does not occur with austenitic steels with a lower boron concentration (up to 0.5% wt). 18 In this way, it seems that all the carbon comes in the form of carbon borides that are not at the matrix's grain boundary in the sensitized condition. This also comes as a result of the fact that these types of steel have a low carbon content. The little carbon that is present acts together with boron, so that in the sensitized state, a chromium carbide precipitation at the grain boundaries does not occur, and as a result, an electrolytic etching will not be seen at the grain boundary. It is not possible to talk about a common sensitized state as no carbides are found at the grain boundaries. However, the austenitic microstructure could be observed after the chemical etching, and the austenitic grain size could be determined by using optical microscopy. This grain size was 10 for the heat-treated specimen and smaller for the as-received specimen. In this way, the boron-strengthened austenitic SS, with large particles not related to the grain microstructure, follows the tendency of other austenitic SS where the auste- nitic grain tends to increase during the sensitization heat treatment.
The microstructural characterization carried out with a TEM made it possible to identify two phases, the austenitic matrix and the particles. The analysis of the SAED (selected area electron diffraction) patterns of the matrix for the as-received specimen that belongs to the [001] zone axis ( Figure 4[a] ) revealed a face-centered cubic system with a lattice parameter, a = 1.060 nm, that corresponds to an austenitic phase, γ. The same analysis done on the particles, whose SAED patterns belong to the [113] zone axis ( Figure 4[b] ), revealed a face-centered cubic system with a lattice parameter, a = 0.37 nm, which could correspond to an X 23 (B,C) 6 carboboride type. For the sensitized test specimen, the SAED patterns of the matrix and particles revealed results very similar to the as-received one. The matrix had a face-centered cubic system with a lattice parameter, a = 0.37 nm, that corresponds to an austenitic phase, γ; the particles had a face-centered cubic system with a lattice parameter, a = 1.065 nm. In both states, an austenitic face-centered cubic system with a lattice parameter, a = 0.37 nm, matrix was observed. In the same way, particles that are distributed along the entire material surface belong to the face-centered cubic system with a lattice parameter, a = 1.06 nm, corresponding to carboborides with an approximate stoichiometry of (Cr 2 Fe) 7 .66 (B,C) 6 ; that is to say, X 23 (B,C) 6 type.
Boron is essentially insoluble in iron, adopting the form of hard boride precipitates, with a composition of (Cr 2 Fe) 7 .66 (B,C) 6 These hard particles lead to a hardening of the steel and influence its toughness and ductility. Moreover, solubility decreases rapidly to lower the temperature as it becomes negligible below 900°C. Because of this insolubility, boron is found as precipitates. The microstructure consists in a dispersion of boride precipitates rich in chromium in an austenitic SS matrix. 20 The size of the boron atoms makes the type of solid solution that is formed in austenite uncertain. Hence, boron is introduced as an interstitial, or substitutional inclusion or a combination of both, depending on the composition of the steel and the heat treatment it is submitted to. However, there are authors that believe that the boron atom is too large to form an interstitial solid solution. The boron effect is more pronounced when the carbon content is reduced. In austenitic SS with a carbon content inferior to 0.06%, the formation of carbide is completely eliminated when boron is added, 10 perhaps due to the formation of chromium boride particles.
Pitting Corrosion Behavior
Polarization Curves and Pitting Potentials -The potentiodynamic curves of each specimen in each medium that were obtained are shown in Figure 5 . (A) Fe, Cr, and Ni were analyzed with EDX-SEM. B was determined using WDS-SEM. 
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The objective is to try to obtain the pitting potential, E p , by means of curves. This potential is identified when a quick increase of the anodic current for the said value is produced due to the local depassivating process where pitting occurs. The aspect of the curves in the two states that were studied for the same medium is very similar, although there are differences when the two media are compared. Anodic potentiodynamic polarization scans for borated SS in Electrolyte B showed a typical profile characterized by various anodic current peaks before reaching the potential value corresponding to E p ( Figure 5 , Curve B). These peaks were absent in the presence of Electrolyte A. Table 3 summarizes the pitting potential values for each heat treatment in each electrolyte. For the specimen in the as-received state in NaCl, the results are reproduced exactly, the pitting potential being 5 mV SCE . For the sensitized specimen in the chloride medium, the pitting potential was between 10 mV and 105 mV. The resistance to pitting corrosion is slightly greater in the sensitized state, as some authors have already mentioned. 10 Although this difference is not very considerable, it can be said that the pitting potentials are not dependent on the state of the specimen. However, this is not the case for other types of steel that will be discussed later. For the second medium under study, sulfides are added for the localized corrosion, since with other types of steel, they help to breakdown the thick sulfide layer more easily. In this way, the corrosion potentials were expected to be lower than in the previous case, as this is what happens with austenitic SS. At the end, the result was the opposite. The pitting corrosion potential for the as-received specimen was between 435 mV SCE and 470 mV SCE , whereas the pitting corrosion potential for the sensitized specimen was between 405 mV SCE and 500 mV SCE .
For AISI 304, 316 (UNS S31600), and 410 (UNS S41000) SS, the two mentioned peaks below E p also could be observed in a sulfide medium, but at different potentials. The size of the peaks is proportional to the concentration of sulfide in the electrolyte. The first peak is due to the formation of a ferrous sulfide layer, later transformed into elemental sulfur at the potential values corresponding to the second peak. 21 Corrosion potentials, as well as the general aspect of the curves, are similar in each medium independent of the state of the specimen. The corrosion potential in a sulfide medium is greater than that which corresponded to a chloride one. This is the opposite of what occurs with AISI 304 and 316 austenitic SS 14 or AISI 410, [22] [23] where a thick sulfide layer is formed that inhibits pit formation. Breaking down this layer produces a considerable increase of the current's density in a very short time. The corrosion potentials do not correspond to those obtained for AISI 304 SS, as the pitting potential in the as-received state in a chloride medium is lower (≈340 mV) for UNS S30466 (345 mV for the AISI 304, and 5 mV for UNS S30466), but is higher for the sensitized state (≈125 mV) and for both as-received (≈360 mV) and sensitized states (≈450 mV) in a chloride medium plus sulfide. The pitting potentials depend on the percentage of chromium, defined as PRE = Cr% + 3 Mo%. The higher the PRE, the greater the pitting potential.
14 This tendency is not the same for the borated SS under study, because although it has a PRE that is higher than for AISI 304 SS (22.5% compared to 19.73%), the pitting potential is lower (5 mV compared to 345 mV). This is because a great amount of the chromium in UNS S30466 was combined with the boron, thus forming chromium boride and reducing the amount of chromium in the matrix (Table 2) . For this reason, the percentage of chromium combined with boron ought to be subtracted from the previous value. Another tendency that was observed is that for AISI 304 SS, the sensitized state produces a chromium-carbides precipitation at the grain boundaries, depleting the chromium contained in the matrix near the grain boundary, thus reducing the pitting potential.
14 This tendency was not observed for UNS S30466, which has a pitting potential that is very similar in the as-received and sensitized states for both media. This occurs because there is no chromium carbide precipitation at the grain boundaries mainly because the low carbon contained in this alloy was combined with the boron.
The results obtained differ from those obtained for Chen and Szklarska-Smialowska, 24 who concluded that the resistance to pitting corrosion is only increased slightly in both as-received and sensitized states. We noted that the resistance to pitting corrosion is lower in the as-received state, although the difference is due to the fact that they studied austenitic SS with a smaller boron concentration, so the reduction of chromium in the matrix is not as great as in the case of the UNS S30466. Massari and Gottlieb 25 have concluded that boron particles are corroded and dissolved as they have a high surfaceto-volume ratio and that their rates of corrosion are similar to the austenitic matrix.
Some authors believe that boron is firstly diffused into lattice imperfections, as those produced at the grain boundaries, thus reducing the strain energy in these regions. Areas with a high-strain energy can act as pit initiation sites, so that if borated SS has less high-energy sites, resistance to pitting will be greater. When the lattice imperfections are filled, excess boron precipitates, thus producing a boron-rich grain boundary. 26 However, the present results differ from these authors because the borated SS used in the asreceived condition after its solidification was processed at the mill by hot and cold rolling followed by a solution annealing heat treatment, which produced a recrystallization in the matrix with low boron content.
By introducing boron, the chromium level in the matrix is reduced as chromium boride is formed. As a result, the resistance to corrosion also is reduced. For this reason, steels with a high boron concentration need a higher chromium concentration than AISI 304 austenitic SS. The molybdenum concentration also must be increased to retain the resistance to corrosion. The higher the boron concentration, the smaller the resistance to pitting corrosion. 27 Analysis of the Corrosion Produced During Electrochemical Testing -After electrochemical testing, the pits were observed through an optical microscope. In the case of the chloride medium, in both as-received and sensitized specimens, pitting was most evident in the center. There were three or four deep pits visible with the naked eye. These deeper pits were surrounded by smaller pits that were very similar to those found in nonborated austenitic SS. 14 The pits were observed through a SEM to see the differences in the pit-advancement mechanism between the as-received and sensitized states. In the asreceived state, the pits were mainly nucleated at the chromium borides ( Figure 6 ). When the chromium borides are broken or have some discontinuity, the pits begin to form on these regions, as can be observed in Figure 7 . The way in which the pits advance is unknown, as they do not always start forming from the borides. This also occurs to the asreceived specimens for AISI 304 SS. 9 In the sensitized specimens, the pits develop along the edge of the chromium boride (Figure 8 ), giving the appearance that they grow from the edges of the boride particles, which is similar to pit growth at the grain boundary for sensitized AISI 304 SS. 9 After an oxalic acid etching, a large number of small pits can be seen. When observed in greater detail, one can see that the pits are not only deep, but are more extended than what was first expected, after closer examination through an optical microscope. A pit in a chloride medium can be observed in a sensitized specimen in Figure  9 (a), and the same pit then can be seen after an oxalic acid etching in Figure 9 (b). They look like small holes from the outside, but they have a deep subsurface cavity. From the inside, the deeper pits are connected to the smaller-sized pits that surround them.
In the case of specimens in a sulfide medium, a fine layer of gray-colored sulfides was produced, which can be removed with a piece of cloth and water. The presence of this sulfide layer affects the pit morphology. In this medium, fewer pits are formed, but they are more greatly extended since they spread along the surface (Figures 10 and 11 ). These pits are formed as a consequence of the sudden breakdown in the sulfide layer, producing a quick increase of the current's density, and giving rise to a smaller number of pits, but on a larger surface. The pits are formed in the same way in the two states under study, but after being observed through a SEM, differences can be seen in the developing mechanism of these pits. Although the mechanism is different than in the case of an as-received specimen, pitting spread along the edges of the chromium boride (Figure 10 ). In the case of the sensitized specimen, the pitting mechanism is through these particles, which eventually breaks them down (Figure 11 ).
The images obtained through a SEM superpose the different existing depths. For a better understanding, Figure 12 shows an image of how the pits are distributed, as well as their depth and extension for the chloride and the chloride with sulfide media. In the chloride medium, pitting is more extended at a subsurface level and is not so obvious at the surface; in the chloride with sulfide medium, the pits are extended along the surface.
CONCLUSIONS
❖ The microstructural analysis of UNS S30466 borated SS in the as-received and sensitized states FIGURE 6. Pitting potential on borated SS Type UNS S30466 asreceived after an electrochemical test using NaCl medium. SEM micrograph with backscattering electron detector (2,000X).
FIGURE 7.
Pitting potential on borated SS Type UNS S30466 asreceived after an electrochemical test using NaCl medium. SEM micrograph with backscattering electron detector (5,000X). shows that there is a great quantity of chromium boride particles with an elongated form that follow the rolling direction. After an electrolytic oxalic acid etching, no steps and no ditches, grain boundary are observed in the matrix, which means there that the etching effect is located in the interface between chromium boride particles and matrix, without a significant chromium carbide precipitation at the boundaries. This is due to the small percentage of carbon in the alloy since it is combined with boron. This is not a common sensitized state, which is why the usual behavior observed in commercial austenitic SS cannot be expected in borated SS when it comes to pitting corrosion. The austenitic matrix was revealed after a chemical etching where a very small grain size could be observed in both states. The grain size increased slightly during the sensitization heat treatment, which also occurs with other austenitic SS. ❖ An austenitic matrix has been obtained in both states and it corresponds to a face-centered cubic system. In the same way, the particles, distributed all along the entire material surface, belong to a face-centered cubic system that correspond to carboborides with a stoichiometry of (Cr 2 Fe) 7 .66 (B,C) 6 . ❖ Polarization curves, as well as pitting corrosion potentials, have forms and values that are similar in both states for the same medium. In this case, as the sensitized state has no chromium carbide precipitates at the grain boundaries as pit nucleation sites, the behavior is similar to that in the as-received state.
FIGURE 11.
Pitting potential on borated SS Type UNS S30466 sensitized after an electrochemical test using NaCl plus Na 2 S medium. SEM micrographs: (a) 200X and (b) 1,500X, magnification from (a).
FIGURE 12.
A schematic cross section of pits on borated SS Type UNS S30466 after an electrochemical test using (a) NaCl medium or (b) NaCl plus Na 2 S medium.
(a) (b) (a) (b)
❖ The pitting potential in the chloride medium is smaller than that of AISI 304 austenitic SS, although the PRE value, which gives an idea of how resistant it is to corrosion, is greater in the case of UNS S30466. This could be because when the PRE value is calculated, a high percentage of chromium that exists is combined with boron, thus decreasing the chromium content in the matrix. ❖ The pitting potentials in a sulfide medium are higher than those obtained in a chloride medium. This is because the sulfide layer adheres more strongly in this case than in the case of other metals, thus making it more difficult for the chloride to etch. ❖ The pitting shapes and extension depend on the kind of medium under study, so that for a chloride medium, there is a greater number of pits, some of which are very deep and surrounded by smaller ones. An electrolytic oxalic acid etching makes the more extended subsurface of these pits more obvious. For the sulfide medium, the pits are not as deep but are more extended.
